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ABSTRACT

Stolz, Tara, A. M.S. Department of Earth and Environmental Sciences, Wright State
University, 2008. Geological Mapping of Orhon, Tariat, and Egiin Dawaa, Central
Mongolia, through the Interpretation of Remote Sensing Data.
Multi-spectral satellite data from the Advanced Spaceborn Thermal Emission and
Reflection Radiometer (ASTER) and Landsat Thematic Mapper (TM) were used to make
interpretations regarding the surface lithology and structure of the Tariat, Egiin Dawaa,
and Orhon regions in Central Mongolia. These areas experienced widespread Cenozoic
volcanism. This study mapped the locations and extents of the volcanic flows, located
cinder cones and faults evident in the areas, and identified a possible exposure of the
Mongolian granitic batholith in the Orhon area. ER Mapper, a geospatial imaging
software, was used to generate and run algorithms. Image transforms and supervised
classifications were used to identify the features of interest in this study. Samples from
the area were examined spectrally and petrologically to assist in developing effective
image transforms. Band ratios were the predominant image transform used. A greater
than/less than algorithm was developed to allow a more precise identification of those
pixels in a satellite image that correspond to the laboratory spectrum of a sample.
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1.0 INTRODUCTION
Central Mongolia is a very remote place and the current extent of geological
investigations is limited. The advent of satellite imagery and the ability to image in many
spectral bands allow detailed interpretations to be made more easily, especially for large
and remote areas such as central Mongolia. Today, using remote sensing techniques and
satellite data, a geologist can generate preliminary geologic maps without ever setting
foot in the field. While initial interpretations can be made without any ground-based data,
the addition of this type of information can lead to a higher level of confidence in the
resulting interpretations.
This project focused on three areas in central Mongolia that exhibit similar
geology: Orhon (latitude 46°57’55” [46.9653166], longitude 102°9’37” [102.1602883])
Egiin Dawaa (47°17’12” [47.2868833], 100°6’2” [100.100733]), and Tariat (48°6’48”
[48.1134], 100°3’20” [100.0556]). Figure 1 shows the general locations of the study sites
within the context of the region’s tectonics while Figures 2-1, 2-2, and 2-3 give a detailed
location for each of the study areas. These remote locations appear to have undergone
little detailed mapping, geologic or otherwise. Satellite data from the Landsat Thematic
Mapper (TM) and the Advanced Spaceborn Thermal Emission and Reflection
Radiometer (ASTER) were used to interpret the geology in these areas. The focus of this
study was the distribution and extent of identifiable lava flows and/or cinder cones and
the detection of faults or other structures. The origin of the volcanics in central Mongolia
is not well understood. One of the main questions is whether or not they are associated
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with the India-Asia tectonic collision. To be able to answer this question, it is important
to identify the location and extent of the volcanic features.
This study was conducted in collaboration with researchers at the Open
University in the United Kingdom, who carried out field work in the areas of interest and
provided samples for study.

Figure 1. Map showing approximate study locations in relation to Asia’s tectonic setting.
Figure from Gold, 1980. Study areas approximately marked in red. From northwest to
southeast the areas are Tariat, Egiin Dawaa, and Orhon.
1.1 Satellite Imagery
The use of multi-spectral satellite imagery for geological investigations is a
relatively new phenomenon. The first Landsat satellite was launched in 1972. It was the
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first satellite to provide nearly global coverage and a view of earth in four different
wavelength regions, with two in the visible and two in the reflected infrared. Landsat 1
was also the first satellite data to be made readily available to anyone in the world
(Vincent, 1997). Since that time, remote sensing has become a valuable tool for
geological investigations because multispectral imaging allows for both a spatial and
spectral investigation into a region. Spatial characteristics include color, texture, shape,
location, pattern, and size while a material’s spectrum is a unique intrinsic characteristic
that can be used to differentiate one material from another.

1.1.1 Advanced Spaceborn Thermal Emission and Reflection Radiometer
The Advanced Spaceborn Thermal Emission and Reflection Radiometer
(ASTER) is one of the five sensors that make up the Earth Observation Satellite (EOSAM-1) launched in December of 1999. It is in a near-polar, sun-synchronous orbit
(10.30h), at a height of 705 km (Gupta, 2003). The ASTER sensor has three radiometer
subsystems: a visible and near-infrared system (VNIR), a short wave infrared system
(SWIR), and a thermal infrared system (TIR). These three subsystems provide a total of
14 different spectral bands (Table 1).
The VNIR system records data within the 0.52-.86 µm range and has three nadirlooking bands (1-3) and one backward looking band (3B), which allows for the
generation of stereo images. The ground resolution of ASTER in the VNIR is 15 m. The
SWIR system records data in six bands (4-9) ranging from 1.6-2.4 µm and has a ground
resolution of 30 m. The SWIR is particularly useful in the investigation of rocks and
minerals (Gupta, 2003). The TIR system includes five bands ranging within 8.125-11.65

3

Figure 2-1. Tariat study location with latitude and longitude grid lines. ASTER image
displayed in bands 3 (red), 2 (green), 1 (blue). This image has 32% cloud cover.
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Figure 2-2. Egiin Dawaa study location with latitude and longitude grid lines. ASTER
image displayed in bands 3 (red), 2 (green), 1 (blue).
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Figure 2-3. Orhon study location with latitude and longitude grid lines. ASTER image
displayed in bands 3 (red), 2 (green), 1 (blue).
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µm and has a ground resolution of 90 m. All ASTER images have a swath width of 60
km.
ASTER can take images both during the day and night, allowing for diurnal
comparisons within an area. However, since ASTER must be tasked to take an image, the
imagery available for an area can be limited. This limitation was a factor in this study, as
finding sufficiently cloud-free frames for the three study areas was a challenge. The best
image available in the Tariat area, for example, had 32% cloud cover. Another limiting
factor to the study was the lack of snow-free diurnal image pairs. As a result, apparent
Table 1. ASTER Characteristics (after Gupta, 2003)
Radiometer
System

VNIR

SWIR

TIR

Spectral Band

Spectral Range (µm)

Band 1

0.52 – 0.60

Band 2

0.63 – 0.69

Band 3

0.76 – 0.86

Band 3B*

0.76 – 0.86

Band 4

1.600 – 1.700

Band 5

2.145 – 2.185

Band 6

2.185 – 2.225

Band 7

2.235 – 2.285

Band 8

2.295 – 2.365

Band 9

2.360 – 2.430

Band 10

8.125 – 8.475

Band 11

8.475 – 8.825

Band 12

8.925 – 9.275

Band 13

10.25 – 10.95

Band 14

10.95 – 11.65

Ground
Resolution
(m)

*Band 3B is a backward looking band allowing for
the generation of stereo images
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15

30

90

thermal inertia (ATI) could not be used as a method for distinguishing basalt from other
materials.

1.1.2 Landsat 7 Enhanced Thematic Mapper Plus
There have been seven Landsat satellites. The first was launched in 1972 and the
most recent, Landsat 7, was launched in 1999. This study used Landsat 7 (Table 2)
images taken before the Scan Line Corrector failure occurred. All of the satellites through
Landsat 5 carried a Multispectral Scanning System (MSS), but beginning with Landsat 4,
the program satellites include a Thematic Mapper (TM) sensor.
The TM has seven bands spanning a larger portion of the electromagnetic (EM)
spectrum than the MSS. Additionally, the TM’s bandwidths were more carefully chosen
than those of the MSS due to an increased spectral knowledge of natural objects and
transmission characteristics of the atmosphere (Gupta, 2003). Landsat 7 has the Enhanced

Table 2. Landsat 7 Characteristics (after Gupta, 2003)

Blue – green

Ground
Resolution (m)
30

0.52 – 0.60

Green

30

TM-3

0.63 – 0.69

Red

30

TM-4

0.76 – 0.90

Near-IR

30

TM-5

1.55 – 1.75

SWIR

30

TM-7

2.08 – 2.35

SWIR

30

TM-6

10.4 – 12.5

TIR

60

TM-8

0.52 – 0.90

Pan Near-IR

15

Band
Number
TM-1

Spectral Range
(µm)
0.45 – 0.52

TM-2

Spectral Region
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TM Plus (ETM+), an advanced version of the TM. The enhancements include improved
ground resolution of 60 m (versus 120 m) in the TIR region and an additional
panchromatic eighth band with 15 m resolution. Landsat 7 orbits in a sun-synchronous,
near-polar orbit at an altitude of 707 km. Swath width for Landsat 7 is 185 km.

1.2 Site Geology
The geology of central Mongolia is complex with rocks from the Precambrian to
the Quaternary exposed. There are two sequences of basaltic lavas: an extensive Tertiary
episode, resulting in plateaus, and isolated Quaternary lavas found in topographic lows
(Bayasgalan et al, 2007). Very large earthquakes are not unusual here, with four
magnitude eight and greater earthquakes in the twentieth century, and strike-slip faults
and earthquake ruptures are not uncommon (Balijinnyam et al, 1993). Central Mongolia
has also undergone isolated alpine glaciation during the Quaternary (Holden, 2004).
The study areas are located within the Mongolian plateau as described by
Windley and Allen (1993) and are in the area indicated by Cenozoic basalts (Figure 3).
These volcanics are evident to varying degrees in all three study areas as basalt flows
and/or cinder cones. The source of the volcanism is under debate. Possible models
include a mantle plume or hotspot, a crustal weakness, or the combined effect of the
Indian-Asian collision with influence of a mantle plume (Barry et al., 2003). While the
most commonly cited hypothesis is a mantle plume, Barry et al. (2003) cited seven
reasons they believe this cannot be the case. Their investigation looked at the
geochemistry of the lava flow samples and attempted to correlate the results with a
reasonable magmatic source. They concluded that the basalts developed

9

Figure 3. Main tectonic features of central Asia between Indian plate and Siberia
craton showing position of Mongolian Plateau. Structures of eastern China omitted
for clarity. Topographic contours indicated for Mongolian plateau only. Figure from
Windley and Allen, 1993. Area of Cenozoic basalts indicated by arrow.

from partial melting of an amphibole-bearing garnet peridotite at a depth of greater than
70 km. They also proposed a process of metasomatism to explain the magmatism instead
of a mantle plume. Metasomatism is when minerals are replaced through nearly
simultaneous solution and deposition; it requires the presence of a chemically active
interstitial fluid or gas. Cunningham (2001) agreed with Barry et al’s conclusion
disputing the mantle plume model and proposed a new model to explain the Cenozoic
volcanism. He envisioned that the cooler Precambrian crust present under the Hangay
area was more rigid and thicker before the volcanism began. This crustal block, he
proposed, prevented the northeast-ward flow of mantle from the Indian-Eurasian
collision. The hypothesized block promoted flow up around the edges of the craton and
10

could have produced aesthenospheric buoyancy capable of doming the crust and
producing volcanism.
Folding is prevalent across Mongolia and is interpreted to have occurred during
the Paleozoic, with seven fold belts being described for Mongolia. The study sites fall
along the boundary between the Mongol-Zabaikal (Hangay-Hentiy) and Northern
Mongolian fold systems and is made up of synclinoriums alternating with uplifted blocks
and anticlinoriums (United Nations, 1999).

1.3 Previous Studies
The vast majority of studies related to Mongolian geology are in Russian, as it is
the traditional second language of Mongolia (United Nations, 1999). Most of the
geological studies available in English investigate the source of the volcanism seen in the
study areas. There are also some books which describe the tectonics and resources of
Mongolia. In the 1920s there was an American geological expedition through Mongolia
which is well documented. Studies on the use of spectral information to aid in the
interpretation of satellite data are well represented in the literature as are techniques for
image interpretation.

1.3.1 Berkey and Morris, 1927
One of the more extensive and documented geological expeditions through
Mongolia occurred in the early 20th century. This expedition was supported by the
American Museum of Natural History. The primary result of the expedition was a 475
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page treatise of the geology seen on a trek from Peking, China, to central Mongolia and
back.
While the explorers did not visit the locations specific to the sites in this study,
they did visit the general vicinity and investigated some of the features in the area. It is
possible that they visited the Orhon area, but their exact route is difficult to distinguish
based on their poorly detailed maps and that the names to which certain areas are referred
appear to have changed. It seems that the Khangai Mountains to which Berkey and
Morris referred are now called the Hangay, as seen in Cunningham (2001). Berkey and
Morris encountered lava flows in various areas and interpreted them as Oligocene in
origin. They describe the country rock in the area, detailing an extensive granitic
batholith and commonly seen greywacke. The “great Mongolian bathylith” is described
as a coarse-grained biotite granite that shows heavy weathering. There is also mention of
“serpent-form” dikes within the batholith, ranging from granite porphyries to andesites.
These dikes, where they break through to the surface, tend to follow structural features.

1.3.2 Mars and Rowan, 2006
In their 2006 article, Mars and Rowan describe a method of regional mapping
using ASTER imagery. Their method was developed and tested on a site in Nevada and
then applied in the Zagros magmatic arc in Iran. They developed algorithms which
combined multiple band ratio and logical operator threshold value calculations into one
algorithm.
This study was particularly interested in developing algorithms for detecting
hydrothermal alteration to enable regional mapping. Two types of relative band depth
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ratios were used, a true absorption band depth and a relative absorption band depth
scheme. Both cases use the general form (A+C)/B (Figure 4). For the true absorption
band depth ratio, A and C are the shoulders of the feature and B is the band located near
the feature minimum. For the relative absorption band depth ratio, when evaluating a
sloping reflectance, B is a value between A and C.

True Absorption
Band Depth
A

Relative Absorption
Band Depth

C

A
B

Reflectance

C

B
λ!

λ!

Figure 4. Relative band depth ratio schemes, after Mars and Rowan (2006).

By combining band ratios with logical operators, they were able to distinguish
argillic from phyllic alteration. They identified the band ratios necessary to map various
absorption features and then applied a logical operator to more specifically identify the
rocks of interest. Through spectral analysis of the ASTER spectra, they found that certain
bands must be a specific percentage value of another band. These percentages were
applied to the algorithm as a logical operator and helped to reduce the number of pixels
falsely identified. They used a separate algorithm to identify argillic from phyllic altered
rocks.
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The authors tested their methods at Cuprite, Nevada, where previous studies and
other satellite imagery allowed them to evaluate their accuracy. They identified argillic
alteration correctly 95% of the time and phyllic alteration 72% of the time. They believed
that their errors were most likely the result of noise and spatial resolution differences
between imaging systems.

1.3.3 Watts et al, 2005
Watts et al (2005) used ASTER imagery from Tibet and SWIR band ratios to
enable them to distinguish between granite and gneiss in domes. Because muscovite was
present in abundance (5-10%) in the granite and nearly absent in the gneiss and because
muscovite has a significant spectral feature that falls within an ASTER band, the
presence or absence of muscovite became an ideal way to differentiate between the two
rock types.
Images were selected to be cloud free and without snow cover. The images were
then processed using dark object subtraction to mitigate the effects of atmospheric
scattering. Using a published map of one of the domes and field observations by one of
the authors, bands 4, 5, and 6 were chosen as the best bands to image the core of the
domes. Band ratios were selected using published tables (Perry, 2003) as a guide, looking
for ratios that would be most effective in highlighting muscovite. The ratios used were
7/6 (red), 6/5 (green), and 6/4 (blue). Due to the shape of muscovite’s spectrum, the 7/6
ratio was very large for a muscovite bearing rock, and the other two ratios were small;
therefore, the areas rich in muscovite were indicated by their reddish colors.
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This ability to identify muscovite rich granites allowed the authors to develop a
much more detailed and accurate geological sketch map of the domes and their relative
compositions.

1.3.4 Ager and Milton, 1987
Ager and Milton, 1987, investigated how lichens impact the spectral response of
rocks in the field. Lichens are organisms that are able to go without water for
exceptionally long periods of time because they can “turn-off” their metabolism when
conditions are too dry. Because of this ability, they can be very common in arid
environments. Lichens are also quite particular about the rock type upon which they grow
and they have a strong reflectance peak near 2.2 µm.
Ager and Milton studied lichen in an area of west-central Spain. Samples were
collected and then spectra obtained from each in a laboratory setting. They investigated a
wide variety of lichen types and compared how varying amounts of lichen impacted the
spectral response of the rock substrate. They found that a lichen cover of only 30% masks
the features of spectrally flat rocks such as slate. Rocks with prominent features in their
spectrum, like granite, find these features obscured at 60-80% lichen cover. Lichens have
absorption features at 0.68, 1.73, 2.10, and 2.30 µm. Since there are few minerals that
have features at both 1.73 and 2.10 µm, the authors suggest that these wavelengths could
be useful in identifying lichens, although not when using Landsat or ASTER imagery
since these wavelengths are not within either of their bandwidths. The authors conclude
by discussing results of laboratory modeling using band ratios to mitigate the effect of
lichens. They found that using Landsat band ratios of 3/4 and 5/2 were most effective.
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1.4 Study Overview
This study involved the interpretation of the geology of central Mongolia using
Landsat 7 and ASTER imagery. The study specifically looked at the extent and location
of lava flows and cinder cones and the identification of any faults or other structures.
The images were processed using ER Mapper, a geospatial image processing
software. The images were resampled so that pixel sizes were consistent at 15 m, and
they underwent dark object subtraction to mitigate the effects of atmospheric scattering.
Finally, the ASTER images were registered to the Landsat images for consistency.
Samples obtained from the area were analyzed both petrologically and spectrally.
This information was used to develop band ratio transforms to discriminate between
different lithologies in the images and to aid in identification of structural features and
volcanic cones. Supervised classifications were performed for comparison with the band
ratio results. A greater than/less transform was developed to allow a transform to more
precisely define the geometry of a material’s reflectance. Maps were then generated in
ER Mapper to display the results obtained during processing.
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2.0 Image Selection and Preparation
Both the ASTER and Landsat 7 images were obtained through the USGS Global
Visualization Viewer website (http://glovis.usgs.gov). Satellite scene information is given
in Table 3. In this report, all images are oriented with north at the top of the image unless
otherwise noted.

2.1 Image Selection
The images were primarily selected for minimal cloud cover. There were some
limitations in image quality. The Tariat ASTER image, for instance, has an undesirable
32% cloud cover. The Landsat image for the Tariat and Egiin Dawaa region also has a
large amount of cloud cover. Fortunately, in both cases, the specific areas of interest
within the images are predominately cloud free.
Diurnal image pairs were highly desired to allow an apparent thermal inertia
(ATI) evaluation. Thermal inertia is a property of a material relating to its resistance to
changes in temperature. While thermal inertia cannot be measured directly, ATI can be
estimated using diurnal temperature differences. ATI can assist in interpreting surface
materials present. Since basalt has a very low ATI (Short, 2007), this technique may have
helped to identify basalt flows in the study area, which was one of the main goals of this
project. Unfortunately, the only diurnal image pairs available were taken during the
winter when snow covered the landscape, obscuring any lithologic features that might be
identified using this technique.
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Landsat

ASTER

Table 3. Satellite Scene Information
Scene ID

Path/Row

Cloud
Cover

Date
Acquired

Location

AST_L1A.003:2003997272

136/27

32%

8/27/2001

Tariat

AST_L1A.003:2024121667

135/27

1%

5/31/2004

Egiin Dawaa

AST_L1A.003:2038694683

134/27

0%

11/22/2006

Orhon

ELP135R027_7T19990822

135/27

40%

8/22/1999

Tariat /
Egiin Dawaa

ELP134R027_7T20010820

134/27

20%

8/20/2001

Orhon

2.2. Pixel Resampling
Because this study used both the ASTER VNIR and SWIR bands simultaneously
in various transforms, the pixel size between the two had to be reconciled. The ASTER
VNIR bands have a 15 m resolution whereas the SWIR have a 30 m resolution. The
SWIR bands were resampled using a cubic convolution method to match the VNIR
resolution of 15 m. This step was not required for the Landsat images as all visible and
infrared bands have the same 30 m resolution.

2.3 Dark Object Subtraction
Scattering in the atmosphere can cause haze in satellite images that must be
removed. This correction is made by assuming that the darkest pixels are lighter than they
should be due to light being scattered into the detector by the atmosphere. This effect
skews the histogram toward higher digital numbers (DNs). The correction subtracts the
value of the missing DNs to restore the image. Although scattering is most pronounced in
the shorter wavelength, visible bands, this correction was applied to all reflectance bands
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in all images. The correction was applied in ER Mapper through the formula editor,
where for each band, the formula [INPUT1 – MIN(INPUT1)] was applied.

2.4 Image Registration
The ASTER images were registered to the Landsat images. This process began
with rotating the ASTER images to zero so that they aligned with the Landsat images.
Then the ASTER band 3 was opened in a red layer while the Landsat band 1 was opened
in a green layer. This allowed the geometric discrepancies to be easily seen as the two
images were overlapped. The ASTER registration cell was then altered until the two
images lined up. The alignment was complete when the two separate red and green
features being used as reference points overlapped and turned yellow. The ASTER
images were an average of 75 m off (five pixels) from the Landsat images.
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3.0 Field Samples
Nine field samples were provided by Professor Nigel Harris and Alison Hunt of
the Open University in the United Kingdom. All but one were basaltic rocks; the one
exception was described as the “country rock” of the area. Sample details are outlined in
Table 4. The samples were analyzed in both hand

Table 4. Field Sample Details
Area

Tariat

Sample
Number

GPS Coordinates

Field Notes*

1

48.1971, 100.0365

Described as a granitic country
rock

2

48.1267, 99.9406

3

48.1857, 99.8499

4

48.1064, 99.9307**

From Bosko volcanic cone,
eroded from pillar of lava just
outside cone

5

46.7998, 102.0171

Basalt from lava ridge,
possibly a cracked open lava
tube

6

46.8827, 102.3033

Basalt with lots of pahoehoe
flow structure

7

47.2017, 100.1065
(these coordinates only
approximate)

These samples are all from a
709 m section of a hillside

Orhon

Egiin
Dawaa

8
9

Basalt with columnar jointing,
small mantle xenoliths
Basalt from bomb, next to vent
on Horog/Khorgo cinder cone,
includes crustal xenoliths

* As describe by A. Hunt, personal communication, 12/11/2007
** Not located in situ
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sample and thin section. The thin sections were made by the author in Wright State
University’s thin section lab using Logitech equipment. Spectral data on each sample was
also acquired using a spectrometer.

3.1 Lithologic and Petrographic Descriptions of Samples
Sample Tariat 1 is the only sample that is not basalt. It is described as the country
rock in the region and is an andesite. The groundmass is aphanitic and has a green
overtone. The rock is porphyritic. One side is well weathered and has a good amount of
lichen (Figure 5-1). Another weathered surface appears to have a coating of iron oxide.
On the fresh surface, the groundmass appears blue-grey (Figure 5-2). In thin section, the
rock contains about two percent opaque grains, presumably ilmenite or magnetite. The
porphyritic grains are predominantly feldspar that exhibits mostly simple twinning with a
few grains showing polysynthetic twins. The plagioclase grains are “fuzzy” and
indistinct. There are also pleochroic green grains represented at about five percent; there
are anhedral grains, some of which are mildly pleochroic and subhedral lath shaped
grains which are more strongly pleochroic. The green mineral is often in clots and
exhibits high relief. It is most likely chlorite. This interpretation is also supported by the
spectra of the sample (see Section 3.2).
Sample Tariat 2 is basalt that is quite vesicular at the thin section level (Figure 63). The sample exhibited little weathering with only minor differences in appearance
between the weathered and fresh surfaces (Figures 6-1 and 6-2). In thin section, the
groundmass was made up of very small plagioclase crystals (figure 6-4). The crystals
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were too small to be able to determine the extinction angle of the plagioclase. The
majority of the larger grains in this rock are olivine.
Sample Tariat 3 is also basalt, but it is very different from the other seven basalt
samples. The rock is visibly frothy in hand sample and very vesicular in thin section. It
also had the largest percentage of lichen and desert varnish of all the basalts (Figure 7-2).
The groundmass is glassy and black under crossed-polarized light (Figure 7-4). There are
a few small laths of plagioclase in the groundmass. The larger, more colorful grains are
mostly euhedral with many embayed and skeletal grains. Both augite and olivine are
present.
Tariat 4 is a vesicular basalt with lots of small plagioclase crystals (figure 8-3).
The large crystals are olivine; many of the olivine crystals are large enough to see in the
hand sample (Figure 8-1). Some of the olivine shows slight alteration. Although the
plagioclase is plentiful, it is too small to reliably determine an extinction angle.
Sample Orhon 5 looks similar to Tariat 4 but is not as vesicular and the
plagioclase grains are larger. The plagioclase exhibits poly-synthetic twinning and makes
up the majority of the groundmass (Figure 9-4). The larger grains are olivine. An opaque
mineral that is black in reflected light is represented at approximately 3-5% modally. It is
most likely chromite due to its appearance and its association with olivine (Perkins and
Henke, 2000). The plagioclase in this sample is large enough to determine a maximum
extinction angle of 27 degrees, which indicates the plagioclase is andesine.
Orhon 6 is similar to Orhon 5 in thin section although they look quite different in
hand sample. Orhon 6 is quite vesicular, with both large and small vesicles.
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Figure 5-1. Hand sample of Tariat 1
showing a weathered, lichen covered
surface.

Figure 5-2. Hand sample of Tariat 1
showing a mostly fresh surface.

Figure 5-3. 10X plane polarized (PPL)
view of country rock, Sample Tariat 1. Note
clot of green chlorite in the center.

Figure 5-4. 10X crossed polar (XPL) view
of country rock, Sample Tariat 1. Simple
twinning is visible on most plagioclase
crystals. The groundmass is very fine
grained.
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Figure 6-1. Hand sample of Tariat 2 showing
a fresh surface.

Figure 6-3. 10 X PPL view of Tariat 2.

Figure 6-2. Hand sample of Tariat 2 showing
a weathered surface.

Figure 6-4. 10X XPL view of Tariat 2.
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Figure 7-1. Hand sample of Tariat 3, fresh
surface.

Figure 7-2. Hand sample of Tariat 3,
weathered surface. Note significant amount
of lichen and desert varnish.

Figure 7-3. 10 X PPL view of Tariat 3.

Figure 7-4. 10X XPL view of Tariat 3.
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Figure 8-1. Hand sample of Tariat 4 showing both weathered and
fresh surfaces. Note that olivine crystals can be seen on the righthand, fresh surface.

Figure 8-2. 10X PPL view of Tariat 4

Figure 8-3. 10X XPL view of Tariat 4
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Figure 9-1. Hand sample of Orhon 5,
weathered surface.

Figure 9-2. Hand sample of Orhon 5, fresh
surface.

Figure 9-3. 10X PPL view of Orhon 5.

Figure 9-4. 10X XPL view of Orhon 5.

27

Figure 10-1. Hand sample of Orhon 6,
showing significant desert varnish and large
vesicles.

Figure 10-3. 10X PPL view of Orhon 6

Figure 10-2. Hand sample of Orhon 6
showing a fresh surface.

Figure 10-4. 10X XPL view of Orhon 6
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The sample is heavily varnished (Figure 10-1). Unfortunately, because the sample is so
vesicular and therefore friable, without undergoing vacuum impregnation prior to thin
section preparation, the slide did not turn out well. As such, it was impossible to
determine an extinction angle for the plagioclase or to confidently identify the larger
grains, but they are probably olivine.
Sample Egiin Dawaa 7 is quite different from the basalts evaluated so far; in hand
sample it has a reddish tone and, in thin section, the plagioclase grains are much larger
and show some preferential orientation of the grains (Figures 11-1 and 11-3). Vesicles are
few and small. There is also olivine and augite present. Some of the olivine has been
altered to iddingsite, which can be seen easily under plane polarized light (although it
cannot be seen well in Figure 11-2). The maximum extinction angle of the plagioclase is
29 degrees and its optic sign is negative, indicating it is andesine.
In hand sample, Egiin Dawaa 8 is grayer in tone than the other two Egiin Dawaa
samples, which are redder. It also has a lot of plagioclase, but the grains are between the
sizes seen in Egiin Dawaa 7 and the other basalt samples. The plagioclase shows some
evidence for preferential orientation and has a maximum extinction angle of 39 degrees,
making it labradorite. The other main constituent is olivine. The olivine grains are mostly
euhedral and subhedral and also show some alteration to iddingsite (Figure 12-2).
The last sample, Egiin Dawaa 9, is very similar to Egiin Dawaa 7, both in hand
sample and thin section. The maximum extinction angle was 32 degrees, so it is andesine,
like sample 7. Unlike sample 7, however, some of the olivine grains here are skeletal, as
can be see in the large yellow grain in the upper left quadrant of Figure 13-3.
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Figure 11-1. Hand sample Egiin Dawaa 7

Figure 11-2. 10X PPL view of Egiin
Dawaa 7

Figure 11-3. 10X XPL view of Egiin
Dawaa 7
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Figure 12-1. Hand sample Egiin Dawaa 8

Figure 12-2. 10X PPL view of Egiin
Dawaa 8

Figure 12-3. 10X XPL view of Egiin
Dawaa 8
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Figure 13-1. Hand sample Egiin Dawaa 9

Figure 13-2. 10X PPL view of Egiin
Dawaa 9

Figure 13-3. 10X XPL view of Egiin
Dawaa 9
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Based on thin section investigation, the samples can be divided into four groups: the
andesitic country rock (Tariat 1), basalts with large, oriented plagioclase grains (Egiin
Dawaa 7 and 9), basalt with a very glassy groundmass (Tariat 3), and basalts with
smaller, less oriented plagioclase grains (Tariat 2 and 4, Orhon 5 and 6, and Egiin Dawaa
8). These groups hold well under spectral investigation as well.

3.2 Spectral Analysis of Samples
The reflected spectra of the samples were obtained at Bowling Green State
University in Ohio on January 11, 2008, using a Field Spec Pro Spectrometer by
Analytical Spectral Devices, Inc. This instrument measures the reflected spectrum of a
material from 0.35 to 2.5 µm. A tripod was used so that a consistent distance was
obtained for each shot, in most cases about 6 cm. A 100 watt light bulb was used as the
light source and a 100% white reflectance standard was used to calibrate the data.
Because the spectrometer has three separate sensors, a splice correction was applied to
eliminate any “jumps” in the data between the sensors.
As was mentioned at the end of the previous section, the samples can be broken
into four categories based on their petrology and spectroscopy (Table 5).
The country rock has the most varied spectra of the samples. It has absorption
features at roughly 1.45 and 1.95 µm (Figure 16-1). Both features correspond with the
absorption features of chlorite (Figure 14), which is present in the rock, as well as the
precipitous drop off in the 2.1 to 2.4 µm range. As Figure 15 indicates, the 1.95 µm
feature could also result from the presence of lichen (Ager and Milton, 1987).
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Table 5. Petrologic and Spectroscopic Based Sample Groupings
Group
Member(s)

Tariat 1

Tariat 3

Petrographic Characteristics

Spectroscopic
Characteristics

Andesite country rock with
chlorite alteration

Highest reflectance of all
spectra gathered, two
absorption features (at 1.45
and 1.95 µm) and a steep
drop off from 2.1 to 2.4 µm.
Lichen absorption features
present in weathered spectra.

Basalt with a very glassy
groundmass.

Spectral shape is similar to
that of Tariat 1, including the
absorption feature at 1.95
µm, but average reflectance
is much less than Tariat 1.
Lichen features present in
weathered spectra.

Vesicular basalts with
relatively small plagioclase
crystals.

Very flat spectral shape with
low reflectance values (less
than 0.2).

Basalt with large, oriented
plagioclase grains, which are
andesitic in composition.

Average reflectance of these
two basalts is much higher
than for any of the other
samples except Tariat 3.

Tariat 2
Tariat 4
Orhon 5
Orhon 6
Egiin Dawaa 8
Egiin Dawaa 7
Egiin Dawaa 9
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Figure 14. Spectrum of chlorite, from the USGS Spectral Library (Clark et al, 2007).
Note the similarities in the absorbance features at 1.4 and 1.95 µm with those in sample
Tariat 1.

Figure 15. Spectrum of lichen, type xantholarmelia, from the USGS Spectral Library
(Clark et al, 2007). All study samples with lichen present exhibit the absorption feature at
1.95 µm.
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The spectra for sample Tariat 3 varies significantly between the fresh and
weathered sides. For this sample, the weathered portion had a high proportion of lichen,
which can be seen in the spectra for sample T3B (Figure 16-3). The fresh spectrum is
very similar to the other basalts with flat spectral shape and low reflectance values.
Samples Tariat 2, Tariat 4, Orhon 5 and 6, and Egiin Dawaa 8 all have similarly
shaped weathered spectra (Figures 16-2,4,5,6,8). They are all quite spectrally flat, but
with a slight rise in the 0.55 to 0.85 µm range and a very slight dip in the 2.15 to 2.35 µm
range.
The last sample group includes Egiin Dawaa 7 and 9. These two sample’s spectra
differ from the others in that the reflectance increases slightly as the wavelength gets
longer. Both still, however, exhibit the slight dip in the 2.15 to 2.35 µm range.
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Figure 16-1. Spectra from sample Tariat 1. This sample, which is described as the country rock has the most variation in its
spectral signature. The spectral features correspond to those of lichen and chlorite (see Figures 13 and 14). Band widths of the
two satellite platforms used are highlighted above. The ASTER bands are highlighted in yellow while the Lndsat bands are
noted with cross hachure. Bands go in numerical order from left to right beginning with band 1.
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Figure 16-2. Spectra from sample Tariat 2.
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Figure 16-3. Spectra from sample Tariat 3. This sample had a lot of lichen, which can be seen in the feature at 1.90 µm.
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Figure 16-4. Spectra of sample Tariat 4. T4C Brown Area refers to the heavily weathered, lichen hosting surface on the left of
the sample (see Figure 7-1).
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Figure 16-5. Spectra from sample Orhon 5
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Figure 16-6. Spectra for sample Orhon 6. Note that the reflectance axis is stretched to allow spectral variations to be seen.
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Figure 16-7. Spectra for sample Egiin Dawaa 7.
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Figure 16-8. Spectra for sample Egiin Dawaa 8.
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Figure 16-9. Spectra for sample Egiin Dawaa 9.

4.0 Image Processing and Map Generation
All processing was accomplished using ER Mapper 7.1, a geospatial imaging
software. A 99% linear contrast stretch was applied to each image. A contrast
stretchredistributes the DNs in an image such that the full range is utilized. For
processing, one weathered spectra for each rock sample was used. These spectra are
shown in Figure 17.

4.1 Band Ratios
Band ratios are a type of image transform. In remote sensing, this simply refers to
processing multiple images from different bands into one single image (Gupta, 2003). In
the case of band ratios, typically three sets of two-band ratios are input into the red,
green, and blue layers. The general formula for a band ratio is:

BVijr =

BVijk
BVijl

where BV is the brightness value, i and j are the pixel coordinates, k and l are bands, and
r is the ratio (Jensen, 2000). Band ratios are powerful because they allow for the potential
of certain lithologies to be highlighted in an image. In theory, band ratios work because
the effects of terrain and shadow divide out in the calculations (Vincent, 1997). Although
in reality not all effects cancel out, enough do to make the process useful.
The process for highlighting a desired lithology is simple. When working with
three layers (red, green, and blue, typically), two bands which will provide a large ratio
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Figure 17. Weathered surface spectra for each sample. Note that the four groups discussed can be easily distinguished.

value are selected for the highlighting color choice (red, for instance). Bands which will
result in low ratio values are chosen for the other two layers (green and blue in this
example). When the ratios are applied, the resultant DNs for the large ratio layer (red) are
high while the DNs for the small ratio layers (green and blue) are low. This process
allows the red pixels to stand out where the material of interest is potentially located.
Although band choices can be successfully made by a cursory examination of a sample
spectra (see example in Figure 18), a more quantitative method is available. Vincent and
Perry (Vincent, 1997; Perry, 2003; and Perry and Vincent, 2008) have devised a scheme

Figure 18. Shown here is the spectrum for muscovite from the USGS Spectral Library
(Clark et al, 2007) with the approximate locations for ASTER’s reflective bands
superimposed. When evaluating the spectra of a material for application in a band ratio,
bands can be chosen qualitatively. To highlight muscovite in an image in red, choose two
bands with a large positive difference in reflectance, for example Band 7 over Band 6,
and chose ratios that will result in small values for the green and blue layers: Band 6 over
Band 5 for the green layer and Band 6 over Band 4 for the blue layer, for instance.
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of codes for both ASTER and Landsat to enable a more precise approach to band
selection.
Vincent and Perry (2008) developed a process through which codes could be
generated for materials which makes choosing appropriate bands for ratios more
quantitative. They carried out their work on over 100 minerals from the USGS Spectral
Library. For each sample, the average reflectance in each band was determined. They
then calculated all non-reciprocal band ratio combinations. For each band, the ratio
values for each material were sorted by deciles. A table was generated with decile
boundary values for each ratio combination (Appendix). Average reflectance ratios are
assigned codes from 0 to 9 using this table.
Table 6. Band Ratio Codes for Muscovite (from Perry and Vincent, 2008)
Ratio

Code

Ratio

Code

Ratio

Code

Ratio

Code

2/1

7

3/2

6

5/3

3

8/4

2

3/1

6

4/2

6

6/3

2

6/5

0

4/1

6

5/2

3

7/3

4

7/5

8

5/1

4

6/2

2

8/3

3

8/5

3

6/1

2

7/2

4

5/4

2

7/6

9

7/1

5

8/2

3

6/4

1

8/6

9

8/1

3

4/3

6

7/4

3

8/7

1

To choose effective band ratio combinations, a high ratio code is chosen for the
highlighting color and low ratio codes are selected for the other two layers. In the
muscovite case, Watts et al (2005), using the ratio values published by Perry and Vincent
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(2008), found ratios R 7/6 (code 9), G 6/5 (code 0), and B 6/4 (code 1) effective for
highlighting this mineral in Tibet. The band ratio codes for muscovite are shown in Table
6.
In this study, codes were determined for each of the samples using the process
just described for both ASTER and Landsat applications (Tables 7 – 10). The codes were
then used to develop ratio combinations to run through ER Mapper for evaluation. Even
with this process, there is some trial and error involved. Some ratio combinations appear
to work well while others do not. The coordinates given for collected samples as well as
what was known about the local geology were criteria for judging whether a ratio
combination was effective. In many cases, the Landsat images and codes resulted in
better results than the ASTER.
In order to identify the spectrally flat basalts, a ratio combination of R 8/7, G 5/2,
B 4/2 was used (Figure 19). When identifying ratio code combinations to use, it is
important to find a combination that is unique to that material. A simple evaluation was
completed in Excel to verify whether the ratios chosen were unique to the sample or
samples in question. For the spectrally flat basalts, the formula used was:
=AND(AI#>=6,AI#<=8,L#>=2,L#<=5,K#>=1,K#<=3)
Where AI is ratio 8/7, L is ratio 5/2, K is ratio 4/2, and # represents the row number of
the sample being evaluated. The numerical values in the formula were chosen based on
the codes for each ratio. Here, the range of code values for ratio 8/7 were 6 to 8, while the
range of values for the ratio 5/2 were 2 to 5.
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This process was carried out for a variety of combinations. When only one sample
was part of the evaluation, the values used in the formula were one above and one below
the sample code. The results of this evaluation process are shown in Table 10.
The same process was carried out for the Landsat image. It shows very similar
results for the Tariat volcanic region (Figure 20). The ratios used were R 7/5, G 5/1, B
5/2.

Figure 19. ASTER band ratio image of Tariat volcanic region. The ratios in this image
were selected to highlight the spectrally flat basalts in red. Ratios used: R 8/7, G 5/2, B
4/2. Very red areas, such as those indicated with the black arrows, are clouds. Yellow
arrows indicate sample collection locations for spectrally flat samples. The blue arrow
indicates approximate sample location for Tariat 3. See Figure 22-2 for reference image
of this region.
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Figure 20. Landsat band ratio image of Tariat volcanic region. The ratios in this image
were selected to highlight the spectrally flat basalts. Ratios used: R 7/5, G 5/1, B 5/2.
Note that the results between the ASTER and Landsat images are very similar. This
image does not have the cloud cover that the ASTER image does.

Figure 21. ASTER band ratio image highlighting country rock. Ratios used: R 3/2, G
6/5, B 8/5.
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Table 7. Average Spectral Reflectance Values for Each Weathered Spectra
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Table 8. Values for Band Ratios Using Data from Table 7
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Table 9. ASTER Band Ratio Codes For Laboratory Samples Using Values from Table 8 and Table A in the Appendix
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Table 10. Landsat Band Ratio Codes for Laboratory Samples Usin Values from Table 7 and Table A in the Appendix
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Table 11. Evaluation of Band Ratio Codes
This table shows results of an evaluation in Excel of whether a band ratio combination is only true for the sample in
question. Evaluations were carried out using a greater than, less than formula evaluating whether any of the other samples were
within one band ratio code for each band. For the spectrally flat basalts, the formula used was:
=AND(AI#>=6,AI#<=8,L#>=2,L#<=5,K#>=1,K#<=3),
where AI is ratio 8/7, L is ratio 5/2, K is ratio 4/2, and # represents the row number of the sample being evaluated.

Figure 22-1. Landsat band ratio image of Tariat volcanic region. Red identifies country
rock, blue identifies lava. Ratios used: R 4/3, G 5/4, B 7/5.

Figure 22-2. Landsat reference image of Tariat volcanic region.
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Identifying the country rock presented some challenges. A. Hunt (Table 4)
described the country rock as being granitic in general with sample T1 perhaps being an
exception (personal communication, 7/11/08). The sample evaluated in this study as
being representative of country rock was andesitic in nature. Using sample T1 as the
reference material for the country rock as a whole may not provide an accurate
representation of the region’s geology. Despite these limitations, transforms were
performed in an attempt to determine the extent of the country rock in the Tariat region
(Figure 21). The band ratios used for this ASTER image were R 3/2, G 6/5, and B 8/5.
None of the other laboratory samples are within one band ratio code for any of these
combinations (Table 11).
An attempt to differentiate between the spectrally flat lava flows and the country
rock appears somewhat successful (Figure 22-1). The ratios used were R 4/3, G 7/4, B
7/5. These ratios allow for a large ratio value for country rock in the red band and a small
value in green in blue and a large ratio value for lava in the blue band and a small value
in red and green. T1A has a ratio code of 9 in band 4/3 and codes of 3 and 4 in the other
two layers. Band ratio codes for 5/4 are all low (less than or equal to 3) while the 7/5 ratio
codes for the spectrally flat basalts are all the maximum values for the basalts (a code of
6). Unfortunately, there is some question as to how well the country rock is identified.
When comparing the image to the reference Landsat image, it appears that in many cases
the red highlighted area representing country rock is, in fact, vegetation.
In the Egiin Dawaa region, a band ratio combination using R 8/7, G 3/1, B 4/1
was applied. This is the combination described in Table 10 for sample ED8A. The ratio
schemes listed in Table 11 for ED7C and ED9C were ineffective at identifying basalts.
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Figure 23-1. ASTER band ratio results image for Egiin Dawaa. Ratios used were R 8/7,
G 3/1, B 4/1. Ratio combinations as shown in Table 10 for Egiin Dawaa samples 7 and 9
were not effective in highlighting the basalts in this area.

Figure 23-2. ASTER reference image of Egiin Dawaa region shown in Figure 23-1.
Approximate sample collection site shown with arrow.
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Sample ED8A has a spectral signature similar to the other spectrally flat basalts (Table
5). A suitable ratio scheme for identifying the samples Egiin Dawaa 7 and 9 was not
found. This inability is partially due to the lack of ground truth information with the Egiin
Dawaa samples. These samples were not collected by A. Hunt but were provided to her
by a Mongolian student researcher. GPS coordinates for each sample were not available.
Instead, coordinates of the general working area were provided (Table 4). However,
based on the description and photographs of the location (Figure 24), the results of the
band ratio image using the 8/7, 3/1, 4/1 scheme appear to identify the basalt ridges well.

Figure 24. Exposed basalt ridges in the Egiin Dawaa region. Photo provide by A. Hunt.
The Orhon area has a large river valley with basalt flows throughout the valley
floor. Many of these flows are heavily weathered and lichen covered (Figure 26). The
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Figure 25-1. Landsat band ratio image of the Orhon region. Lava is denoted by dark red
coloring. Band ratios used were R 2/1, G 4/2, B 4/3. Red region in circle is cloud cover
(see reference image below). River water also comes up red.

Figure 25-2. Landsat reference image of Orhon region shown in Figure 25-1.
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ratio scheme which was most effective was for sample O6A. Bands 2/1 had a ratio code
of 9 while bands 4/2 and 4/3 had a ratio code of 1 and 0, respectively. This disparity in
ratio codes allowed for rocks of this type to be highlighted. Note that clouds and other
water features, such as the river and snow, also appear red. The circled area (Figure 25-1)
indicates cloud cover in the image. The samples were collected in the valley floor and the
ratio image matches well with recorded sample locations. The Landsat images were much
more effective in this case than the ASTER images for identifying lava flows.
Due to the spectral flatness of most of the samples and because those spectra with
features only had them in areas not covered by ASTER or Landsat bandwidth, shoulder
transforms as described by Mars and Rowan (2006) were not useful in this study.

Figure 26. Photograph of the Orhon valley floor with exposed and weathered basalt
flows. Note the significant lichen cover. Only sample Orhon 5 had lichen on it, which is
seen in its spectral signature (Figure 16-5). Photo provided by A. Hunt.
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4.2 Supervised Classification
As another method of cross-checking the effectiveness of the band ratio results, a
supervised classification for each region was performed using the ASTER images. A
supervised classification uses training sites that are specified by the user; the computer
then analyses what makes those training sites unique and applies that criteria to the image
as a whole.

Figure 27. Training sites used in all supervised classifications. The area above is in the
Tariat ASTER image. See Figure 2-1 for approximate location. Training sites included
red lava flows, maroon cones, and taupe weathered lava flows. Not shown is the training
site for water, represented as blue in the classification images, and the training site for
“everything else,” represented as yellow and defined by a large region of hills.
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Because the Tariat area was the only one of the three with large flows which were
confirmed by ground truth data, the Tariat training sites were used for both the Tariat and
Egiin Dawaa classifications. The training sites are shown in Figure 27. The Orhon image
used separate training sites.
Figure 29-1 shows the results of the Tariat supervised classification for the
specific volcanic region in the northeast quadrant of the ASTER Tariat image. The
training sites appear to define the characteristics of each material well as the
classification result does a good job of highlighting the cones and volcanic flows that are
known to exist through ground truth data. The cones are well represented in the image,
although a few are not highlighted. The cone in the eastern part of the lake is shown as
are most of the major cones in the area. The remaining two types of lava defined in the
training sites are also shown distinctly in the classification image. Figure 28, a photo
looking over the lava field in the Tariat volcanic region, shows how many parts of the
flow are well weathered and vegetated with pine trees. These vegetated areas are
generally represented by the taupe color in the classified image. The distinction between

Figure 28. Picture at Tariat looking over large basalt flow. Lake is in the background.
Note that a lot of the flow is vegetated with pine trees. Photo provided by A. Hunt
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Figure 29-1. Tariat classification results. Red is lava flows, maroon is cone flows, taupe
is weathered lava flows, blue is lakes, and yellow is everything else. Note that most of the
cones are properly highlighted (black arrows). Flows along the river (as described by A.
Hunt) are also apparent.

Figure 29-2. Tariat classification area reference image.
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the types of lava in the classified image are very similar to those seen in the Landsat band
ratio image for the same area (Figure 20). The classification also seems to identify the
distribution of lava in areas that are not as easily distinguished in the band ratio image:
along the river and in the lake. The cinder cone in the lake, for instance, is clearly visible
in the classification image, yet impossible to see in the band ratio image because the
water in the lake comes back as a similar color to the lava.
The reflectance characteristics of shadows are apparently very similar to many of
the basalts in the area. The classification returned many falsely identified pixels for lava
in cloud shadows. A few of these misclassified areas are clearly visible in Figure 29-1. In
an image of the entire ASTER Tariat image, there are many improperly classified pixels
which can easily be seen when comparing the classification image (Figure 30-1) and its
reference image (Figure 30-2).
The Egiin Dawaa classification (Figure 31-1) only returned “cone” lava flows as
defined by the Tariat training sites. This area is described by A. Hunt as having extensive
basaltic ridges (Figure 24). This type of flow is distinguished from most of the Tariat
flows as being in topographic highs and along ridge walls; this is very different from the
Tariat flows which tend to be found in topographic lows. This difference may allow the
Egiin Dawaa flows to be categorized as being a part of the more extensive Tertiary flows,
which formed plateaus, versus the Quaternary lavas found in topographic lows
(Bayasgalan et al., 2007). The general area where the samples were collected is identified
in the classification as lava.
The Orhon classification was initially completed with the same training sites as
those used for the Tariat and Egiin Dawaa classifications. The results were not
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Figure 30-1. Classification of entire Tariat ASTER frame. In the southeast quadrant of
the image cloud shadows are improperly classified as lava.

Figure 30-2. Reference image of the entire Tariat ASTER frame.
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Figure 31-1. Classification of the entire Egiin Dawaa ASTER frame. Note that the only
lava that is highlighted corresponds to the cone flows in Tariat. The specific area of
interest is indicated by the black arrow. A. Hunt describes extensive flows that are
exposed well in valley walls and are shown in this classification (red arrows). Figure 24
shows a picture of these basalt ridges.

Figure 31-2. Reference image of the entire Egiin Dawaa ASTER frame.
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satisfactory in that pixels were misclassified as lava too frequently. Nearly half the image
was identified as cone lava flows. As a result, a new set of training sites for the Orhon
image were selected (Figure 32). The new results more closely matched what ground
truth information was available. The training sites included lava in the valley floor from
where a sample was acquired (shown in red), water in the form of river and snow (blue),
dark shadows (black), vegetation (green), and background hills (yellow).
The new classification appears to have correctly identified the lava flows in the
valley floor, as the lava appears as outcrops and exposures sprinkled across the valley

Figure 32. Training sites for the Orhon ASTER image. Some of the training sites were
very small. Circled area refers to the feature with uncertainty about whether it is
vegetation or a lava flow.
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Figure 33-1. Classification of entire Orhon ASTER frame. Training sites for this frame
were from within the frame itself, not from the Tariat image. Lava is red, vegetation
green, water and snow blue, dark shadows black, and the background is yellow. Training
sites are shown in Figure 32 and a close up of the area of interest in Figure 34.

Figure 33-2. Reference image of the entire Orhon ASTER frame.
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floor (Figure 26). There is some uncertainty about the classification of the large dark area
in the southwest quadrant of the image. By looking at the image as a simple aerial type
photo (Figures 25-2 and 33-2), the feature looks like it could be vegetation or lava. The
interpretation of this feature will be discussed in more detail later. Figure 34 shows the
Orhon valley classification results in more detail, making it easier to see how the lavas in
the valley were identified.

Figure 34. Close up of Figure 33-1, ASTER classification image of the Orhon valley
region showing lavas identified along the valley floor.
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4.3 Greater Than / Less Than Transforms
While band ratios can be very effective at highlighting materials in satellite
images, they are inherently limited by the number of bands that can be used
simultaneously in a transform. Band ratio transforms can only use one band ratio per
layer. When using the laboratory spectrum of a material to identify it in a satellite image,
band ratio transforms cannot describe in detail the geometry of that spectrum. Greater
than/less than transforms do not have this limitation; there is no theoretical limit to the
number of ratios that can be used. Only practical limitations based on detection limits.
The greater than/less than transforms use ratios versus individual band values for
the same reason the band ratio transforms do, to mitigate the effects of terrain and
shadow. They differ from band ratios, however, by using the absolute ratio values (Table
8) instead of band ratio codes. Band ratio codes, because the values include a relative
“position” to other minerals, do not directly apply to the DNs the satellite records. While
this issue does not impact their use in band ratio transforms, it creates a problem when
trying to describe which band ratios have a DN greater or less than another.
To determine which bands ratios to use and in what order, a similar process was
employed as described for the band ratio evaluation (Table 11). Sample algorithms were
evaluated in Excel to be sure that the greater than/less than statement did not apply to
samples other than for those of interest. Like the band ratio transforms, even with an
exclusive algorithm statement, there is no guarantee that the particular formula will
produce the desired results. There is some trial and error involved. A number of greater
than/less than statements were evaluated in Excel and then run through ER Mapper.
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The general formula for the greater than/less than transform, input in the color
layer in which the material is to be highlighted, is:
if i1/i2 > i3/i4 < i5/i6 then 150 else null
where i refers to the input band and where the mathematical operators between each ratio
could be greater than or less than depending on the values. There is no limit to the
number of ratios that can be included in the formula. It is necessary to specify a value for
the resultant pixels (versus “then i1 else null”) because often the band values are too low
to be seen easily. Using a value of 150 allows the pixels to be easily discerned without
being overwhelming, but any value can be used. A contrast stretch should not be used
with these transforms since only one bin is being used in the histogram for the
highlighting layer, causing undesirable contrast stretch results.
In the Tariat region, transforms to identify the country rock and spectrally flat
basalts were developed. The results are very similar to the band ratio images except that it
is easier to discern which pixels are being identified. In the greater than/less than
transforms, it is a simple true or false proposition. If the highlighting color is present,
then those pixels fulfill the transform. Therefore, though the results of this type of
transform return similar results to the band ratio transforms, they are also more precise. In
Figure 35, a transform was developed to identify the spectrally flat basalts. Sample T4A
and T3A were the two samples on which the development focused. The transform was
placed into the red layer as “if 8/6>8/3<3/1<5/4<8/5 then 150 else null.” The same
features are highlighted as in Figure 19, but there is less ambiguity as to their extents.
Another transform was developed to highlight sample T1A, the country rock (Figure 36).
The transform was placed into the red layer as “if 8/7<6/5>8/6<7/2>8/7 then 150 else
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Figure 35. Greater than/less than transform image of the Tariat volcanic region.
Transform was designed to highlight the spectrally flat basalts in red using the formula
“if 8/6>8/3<3/1<5/4<8/5 then 150 else null.” The white areas are clouds and the very
dark red areas are water and cloud shadows.

Figure 36. Greater than/less than transform image of the Tariat volcanic region.
Transform was designed to highlight the country rock in red using the formula “if
8/7<6/5>8/6<7/2>8/7 then 150 else null.”
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Figure 37. Greater than/less than transform image of the Tariat volcanic region.
Transform was designed to highlight the country rock in red using the formula “if
8/7<6/5>8/6<7/2>8/7 then 150 else null” and the spectrally flat basalts in blue using the
formula “if 8/6>8/3<3/1<5/4<8/5 then 150 else null.” Band 2 was loaded into the green
layer. Clouds are light blue while cloud shadows range in tone from dark blue to hot pink.
The pink area indicated with the arrow is not cloud or shadow and could be highlighted
such because, based on Figures 35 and 36, it appears that both rock types are abundant in
this area.

null.” Again, the results are similar to those in the band ratio transforms, but they are
more precise. Finally, the two were put together into one transform. The country rock
was put into the red layer and the lava was put into the blue layer (Figure 37). In theory,
this technique could allow three different lithologies to be viewed at once, one in each
layer.
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Although there is still much work to be done to evaluate the effectiveness and
usefulness of the greater than/less than transform, it is obvious that it warrants further
investigation based on the results shown here.

4.4 Map Generation
Maps were generated in ER Mapper using a raster to vector conversion and
annotated vector layers. The lava flow extents for the final maps were generated using the
classification results. The classification results were filtered using a ranking filter
available in ER Mapper called “median_3x3.ker.” This filter allowed disparate pixels in
the classification to be clustered into more distinct features. For the classifications using
the Tariat training sites, an additional step was required. Because the Tariat training sites
included more than one type of lava, and all types were to be included in the final map,
the program needed to be told to include all lavas together into one class. The formula
used was:
if i1=x or i1=y then z else i1
where i1 represents the input band and x and y are the class codes to be combined and z
is a new class code which is used as the cell value in the raster to vector conversion. Once
the raster to vector conversion was completed for the lava flows, annotated vector layers
were added to indicate the location of volcanic cones and faults.
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5.0 Discussion and Conclusions
The primary purpose of this study was to map the location and extent of lava
flows and to identify any volcanic cones or structural features found in three areas in
central Mongolia. Additional lithological features in the area were noted including the
extent of the country rock in the area and the location of a possible exposure of the
Mongolian granitic batholith in the Orhon area.

5.1 Discussion
The goals of this study were met with varying success. The analysis in the Tariat
region was the most successful. The main lava flow in the Tariat volcanic region is large
and easily identified and the cones are, for the most part, still distinct and maintain their
characteristic shape. The Orhon area was a bit more challenging but a few potential cones
and a fault were identified along with the lava flows. The Egiin Dawaa area was the most
difficult because there were no cones and the lavas were of the flood basalt type, resulting
in large basalt ridges rather than the younger, more fluid flows that tend to fill in
topographic lows. Additionally, the Egiin Dawaa interpretation was limited by the lack of
ground truth data compared to the other two locales.

5.1.1 Structural Interpretation
There were only two major structural features that became apparent during this
study. In the Orhon area, the south side of the valley continually showed a significant
difference in lithology from the north side. The abrupt change as well as its location
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along the edge of the valley floor indicates that it could be a range-front fault (Figure 38).
The fault trends northeast to southwest. The east portion of the fault appears to be offset
by another fault (Figure 42). In the Tariat area, a potential fault was also found. The
Tariat fault trends northwest to southeast. In this case, differences in lithology as well as
indications of displacement along stream channels were seen (Figure 39). In

Figure 38. ASTER band ratio image showing Orhon valley. Ratios used were for
kaolinite: R 7/6, G 5/1, B 6/1. The difference in lithology between the north and south
sides of the valley is easily seen in this image and was prominent in many other
transforms. The north edge of this feature may indicate a range-front fault.
addition, there are significant differences in topography between the north and south
sides of the fault line, with the north being more rugged than the south. Both of the faults
found in this study through image interpretation are also identified in the literature
(Figure 40).
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Figure 39. Tariat ASTER band ratio image for the spectrally flat basalts. Fault trends
northwest-southeast. Differences in lithology as well as stream channel displacement and
differences in topography indicate there is a fault here. The arrow points to a stream
channel that exhibits displacement.

Figure 40. Diagram from Cunningham (2001) indicating locations of faults and
volcanism in the Hangay Dome area. Both faults found in this study through image
interpretation are representing in this image (see arrows).
80

5.1.2 Lithologic Interpretation
The basaltic lava flows were identified using both band ratio transforms, greater
than/less than transforms, and supervised classifications. All three processes produced
similar results. Figure 41 used the supervised classification to map the extent of the lava
flows. The cinder cones were found both through a visual examination of the ASTER and
Landsat frames as well as through interpretation of the band ratio results.
The Orhon area (Figure 42) was somewhat problematic. The flows that were

Figure 41. A generalized geologic map of the Tariat volcanic region showing the extent
of lava flows in blue, the location of cinder cones in white, and the location of a fault in
black.
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identified through ground truth data are geographically very small. A further hindrance to
their identification was that, based on photographs of the area (Figure 26), the exposures
are extensively covered in lichen. Of particular trouble in this area is a large feature in the
southwest corner of the frame which is difficult to identify. It could be a lava flow or
simply vegetation. Most of the band ratio images did not classify the feature as lava, but
the supervised classification did. It is possible that the feature is both. Cunningham
(2001) and Windley and Allen (1993) described the basalts in the area as alkaline in
composition. Alkaline lavas, because of their high potassium content can often support an
unusually high abundance of vegetation (Drury, 2001). In addition to the reason just
stated, because there were two possible volcanic elements identified in the area and since
the feature fills a topographic low (Figure 43), in this study it is classified as a lava flow.

Figure 42. A generalized geologic map of the Orhon region showing the extent of lava
flows in blue, the location of possible cinder cone and crater in white, and the location of
faults in black. The main range-front fault appears to be offset by another fault.
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Figure 43. A section of a Russian topographic map showing the far southwest end of the
Orhon valley where the possible lava flow/vegetation feature is located. Note that the
shape of the topographic low is very similar to the shape of the flow. Map provided by
A.Hunt.
In the Orhon area, there were no obvious cones as there were in the Tariat region.
However, upon very careful scrutiny, there are two features which could be cinder cones
or craters. Figure 44 indicates where these two potential features are located. The feature
at the top of the image looks very much like a cinder cone and could very well be the
source of the lava flow in that area. A. Hunt (personal communication 7/11/2008) stated
that Mongolian geological maps indicate a cinder cone in that area but that she did not
visit this particular area.
The Egiin Dawaa area produced the fewest results. All of the transforms and the
supervised classification resulted in similar lava flow distribution. However, the area
seems to be composed more of the Tertiary flood type basalts which formed large
plateaus with thicknesses over 500 m versus the more recent lavas which fill topographic
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lows (Bayasgalan et al, 2007). A. Hunt described the measurement of a 709 m section of
lavas near where the samples were taken (personal communication, 12/11/2007). Because
these basalts were more extensive and predominately exposed as the eroded edges of
ridges, the results were more wide spread (Figure 45).

Figure 44. Close up of the Orhon area. Image has been rotated 180 degrees to mitigate
the pseudoscopic effect so that the topography appears correct to the human eye. With
this rotation, north is to the bottom of the image. A potential cinder cone and crater are
indicated by the white circles. The one at the top of the image is very likely a cinder cone
and could be the source for the large flow filling in the topographic low to its north. The
bottom feature could be a crater, as this feature has negative relief.
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Figure 45. Generalized geological map of the Egiin Dawaa area showing the extents of
the basalt flows in this area in blue.
The interpretations regarding the extents of the country rock in the Tariat area
have a very high level of uncertainty because the sample used, an andesite, was not
representative of the country rock in the region (see Section 4.1), which is granitic. This
area of central Mongolia is underlain by the Mongolian granitic batholith with numerous
exposures (Berkey and Morris, 1927 and Terman, 1974) throughout the area. Making
interpretations regarding the extent and locations of the country rock based on a sample
that does not properly characterize it is not beneficial.
While investigating the Orhon image, exfoliation was noted in some of the ridges
(Figure 46-1). Exfoliation is a common effect of chemical weathering in granitic rocks.
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Based on the presence of the exfoliation, this area was interpreted to be an exposure of
the Mongolian granitic batholith. In order to provide additional support to this
interpretation, a band ratio transform was run looking for the weathering products of
granite. Kaolinite is a clay mineral commonly formed from the chemical weathering of
feldspars, which are a major component of granite. The band ratio scheme used in this
transform (Figure 46-2), based on the band ratio codes from Perry and Vincent (2008),
was R 7/5, G 5/1, B 6/1. The results support the interpretation, as the transform indicates
that kaolinite may be in the area. While there are some false detections, notably where the
snow is highlighted a dark red, for the most part, the highlighted area follows the
contours of the exfoliation domes and is present in what would be the talus of such
weathering.

5.2 Conclusions
This study highlights how useful satellite imagery can be in the initial
development of geologic maps. A variety of techniques allows for the identification and
interpretation of a myriad of image features, including lithology and structures. Having
both ASTER and Landsat images available makes interpretations easier as well, because,
since their bandwidth coverage is slightly different, identifying a material may be easier
with one platform over another. For example, in the investigation of the Orhon area, the
Landsat frame produced a more reasonable band ratio image of the lava flows than the
ASTER.
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Figure 46-1. ASTER image of the south central Orhon region. Image has been rotated
180 degrees to moderate the pseudoscopic effect. Exfoliation of the bedrock, in this case
probably of the granite batholith, is easily visible.

Figure 46-2. ASTER band ratio image of the south central portion of the Orhon region.
Image has been rotated 180 degrees to moderate the pseudoscopic effect. Band ratios
used were R 7/5, G 5/1, and B 6/1, based on the band ratio codes for kaolinite, a
weathering product of granite.
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In this study, most of the laboratory sample spectra were fairly featureless,
making the development of effective band ratios challenging. Classification was helpful
in this case because it allowed ground truth information to be utilized in a direct way. The
DNs in each band for a supervised classification are directly related to the DNs of the
output. This is not necessarily the case when using laboratory spectra to estimate the
reflectance recorded by the satellite.
The development of greater than/less than transforms indicate that there is a
method to more accurately describe the geometry of a sample’s reflectance and to
provide results that are less ambiguous. More work needs to be done to evaluate this
transform’s usefulness and what type of applications will best suit it.
Lastly, while satellite imagery alone can provide a powerful tool for initial
geological investigation, ground truth data is vital in order to fully utilize its potential.
Interpretations in the Egiin Dawaa region in particular were limited based on the lack of
available ground information.
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APPENDIX A: Band Ratio Codes

Table A – Landsat TM Bands 1-5,7 Ratio Code Upper Limits
From Vincent (1997)
9
8
7
6
5
4
3
2
1
0

R(2,1)

R(3,1)

R(3,2)

R(4,1)

R(4,2)

R(4,3)

3.227
1.327
1.216
1.142
1.066
1.049
1.028
1.012
0.998
0.947

8.304
1.614
1.367
1.225
1.105
1.076
1.041
1.013
0.967
0.894

2.573
1.236
1.133
1.087
1.038
1.026
1.014
1.002
0.994
0.95

9.776
2.265
1.541
1.296
1.15
1.089
1.068
1.015
0.993
0.873

6.648
1.638
1.302
1.151
1.078
1.039
1.02
1.003
0.979
0.892

8.947
1.204
1.113
1.05
1.028
1.012
1.003
0.992
0.972
0.911

R(5,1)

R(5,2)

R(5,3)

R(5,4)

R(7,1)

R(7,2)

9
8
7
6
5
4
3
2
1
0

12
3.366
2.007
1.62
1.28
1.151
1.056
0.993
0.865
0.506

6.667
2.502
1.776
1.365
1.163
1.069
1.018
0.956
0.863
0.484

8.526
2.382
1.598
1.245
1.105
1.039
0.999
0.949
0.808
0.452

10.09
1.742
1.331
1.172
1.063
1.019
0.992
0.951
0.776
0.47

12.09
2.611
1.935
1.414
1.174
1.014
0.959
0.848
0.65
0.336

12.89
2.353
1.644
1.242
1.079
0.977
0.906
0.797
0.643
0.33

R(7,3)

R(7,4)

R(7,5)

9
8
7
6
5
4
3
2
1
0

13.16
2.095
1.538
1.187
1.02
0.946
0.872
0.779
0.553
0.256

11.84
1.916
1.39
1.169
0.998
0.932
0.829
0.756
0.453
0.229

5.11
1.09
1.01
0.982
0.936
0.864
0.811
0.734
0.61
0.429
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Table B – ASTER Bands 1-8 Ratio Code Upper Limits
From Perry and Vincent (2008)
R(2,1)
9
8
7
6
5
4
3
2
1
0

3.893475
1.312433
1.13638
1.090704
1.047219
1.029225
1.016211
1.003286
0.992507
0.949066
R(3,2)

9
8
7
6
5
4
3
2
1
0

10.9558
1.227686
1.149983
1.055882
1.031888
1.017294
1.008876
1.000036
0.987979
0.935928

9
8
7
6
5
4
3
2
1
0

13.14294
2.195225
1.462814
1.22674
1.030188
0.980542
0.907161
0.802859
0.60657
0.245478

9
8
7
6
5
4
3
2
1
0

6.368829
1.115711
1.000481
0.972007
0.901315
0.821777
0.714414
0.597795
0.456561
0.36751

R(5,3)

R(8,4)

R(3,1)

5.672937
1.607947
1.324972
1.172411
1.086605
1.050884
1.030034
1.009267
0.993327
0.959665
R(4,2)

9.610696
2.479078
1.695001
1.287611
1.144228
1.069757
1.010633
0.972683
0.88071
0.624618
R(6,3)

13.42114
2.083585
1.467223
1.235484
1.025336
0.947189
0.904074
0.775587
0.544782
0.261048
R(6,5)

1.735239
1.025185
1.009554
1.000083
0.996919
0.993281
0.982042
0.973908
0.948493
0.884172

R(4,1)

R(5,1)

6.509238
2.774706
1.874188
1.392343
1.192353
1.080903
1.027884
0.980813
0.899512
0.63476
R(5,2)

14.24192
2.673862
1.895212
1.379383
1.13744
1.006966
0.953489
0.872745
0.709621
0.302348
R(6,2)

15.00624
2.716172
1.627698
1.330552
1.073875
0.987252
0.928602
0.829428
0.661004
0.270341
R(7,3)

15.32388
2.677003
1.55017
1.316557
1.063146
0.969125
0.921292
0.804943
0.631423
0.266389
R(8,3)

13.32298
1.810157
1.414164
1.171483
1.020883
0.937358
0.861081
0.750658
0.488822
0.269196
R(7,5)

10.66694
1.812493
1.348419
1.112392
1.000754
0.912738
0.788029
0.643395
0.456119
0.227126
R(8,5)

3.339286
1.140186
1.022006
1.010248
0.999466
0.994193
0.973359
0.933822
0.866605
0.728546
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2.361054
1.043366
1.014145
0.999265
0.985855
0.96187
0.921954
0.850795
0.723825
0.608148

R(6,1)

14.54338
2.56749
1.830045
1.343392
1.130628
0.995651
0.935652
0.841569
0.691265
0.275671
R(7,2)

15.2118
2.330685
1.568464
1.218457
1.053195
0.979275
0.892258
0.763472
0.592576
0.305366
R(5,4)

6.20824
1.17302
1.027011
1.000537
0.977585
0.920734
0.86773
0.802469
0.621831
0.444353
R(7,6)

1.924395
1.138892
1.032933
1.00923
1.002293
0.997951
0.983726
0.954067
0.888049
0.778627

R(7,1)

14.43701
2.338384
1.610504
1.266818
1.131792
0.994575
0.901603
0.77917
0.623617
0.365326
R(8,2)

12.17921
2.166317
1.527827
1.185315
1.039353
0.937258
0.825441
0.655166
0.459972
0.271541
R(6,4)

6.307653
1.126371
1.011685
0.993052
0.953956
0.90593
0.842575
0.757707
0.608071
0.422671
R(8,6)

1.993539
1.082597
1.020464
1.004603
0.994207
0.984991
0.929027
0.88283
0.758311
0.632145

R(8,1)

11.55888
2.340784
1.486442
1.238232
1.119414
0.946865
0.839375
0.705411
0.513605
0.294493
R(4,3)

11.31996
2.064353
1.414511
1.203203
1.069901
1.023392
0.996765
0.964186
0.860658
0.59867
R(7,4)

6.382091
1.114134
1.011099
0.983204
0.94534
0.853124
0.786616
0.707234
0.567253
0.451108
R(8,7)

1.221675
1.020909
1.009143
0.999736
0.9906
0.971123
0.944228
0.887254
0.813176
0.753893

